Saccharomyces cerevisiae open reading frame (ORF) products with sequences from organisms of other biological phyla differentiate genes commonly conserved in evolution from`maverick' genes which have no homologue in phyla other than the Ascomycetes. We show that a majority of the`maverick' genes have homologues among other yeast species and thus define a set of 1892 genes that, from sequence comparisons, appear`Ascomycetes-specific'. We estimate, retrospectively, that the S. cerevisiae genome contains 5651 actual protein-coding genes, 50 of which were identified for the first time in this work, and that the present public databases contain 612 predicted ORFs that are not real genes. Interestingly, the sequences of the`Ascomycetes-specific' genes tend to diverge more rapidly in evolution than that of other genes. Half of the`Ascomycetes-specific' genes are functionally characterized in S. cerevisiae, and a few functional categories are over-represented in them. ß
Introduction
It is now a common observation, with every novel organism sequenced, that a sizeable proportion of the predicted proteins are of unknown function and do not have convincing sequence homology with other proteins already existing in the databases. The corresponding genes, often called`orphans', are one of the signatures of today's genomics. But the existence of`orphans' in DNA sequences can be traced back to the early days of DNA sequencing. The complete sequence of human mtDNA, for example, revealed eight predicted open reading frames (ORFs) of unknown function that were without homology in the sequence databases of the time [1] . It was only several years later that the identity and function of such genes (seven of them encode NADH dehydrogenase subunits) were discovered by direct experimental investigation [2] . Those human mitochondrial genes have remained`orphans' for several years for the sole reason that their equivalents were absent from the mitochondrial genome of the yeast Saccharomyces cerevisiae, the only other mtDNA molecule extensively studied at that time [3] . This historical example illustrates the ambiguity of`orphans'. First, genes of unknown function may become functionally characterized with time, as has been the case for many S. cerevisiae genes since the completion of its sequence [4] . Second, absence of homology depends upon the spectrum of organisms compared. It happens that mtDNA molecules lack the genes encoding NADH dehydrogenase subunits in S. cerevisiae, but not in most other organisms. When discovered later, such genes were not called orphans' because the function of their human homologues was already characterized.
If the notion of`orphans' is not novel, their abundance was ¢rst recognized with the yeast genome sequencing program [5, 6] . The sequence of chromosome III, back in 1992 [7] , came as a surprise by showing that, even in an extensively studied organism such as S. cerevisiae, nearly half of the protein-coding genes discovered from the sequence, and not yet experimentally studied, had no clearcut homologue in the sequence databases of the time [8] . The reality of such genes was debated as well as their actual proportion. But despite recent publications on this issue [9, 10] , the question is no longer pending because direct experimental studies have shown that a majority of the ca. 3000 initial yeast`orphan' genes are actively transcribed, and that a sizeable fraction of them (ca. 13%, not very di¡erent from the general average) are essential for life [11] . Yet, 4 years after completion of its sequence, the actual number of genes in S. cerevisiae is not precisely known, and a number of questionable ORFs, predicted from the sequence, are often confused with actual`orphan' genes.
If`orphans' are the signature of both the actual diversity of the living world and the manner molecular geneticists look at it, the present sequencing project including a number of species from a unique phylogenetic group o¡ers a unique opportunity to distinguish between the two views. This was indeed one of our initial motivations to undertake this project (see [12] ). The goal of this article is to review the results of comparisons between the predicted S. cerevisiae genes, previously classi¢ed by comparisons to other organisms, with each of the 13 other yeast species partially sequenced in this project. Because the term`orphan' has a functional connotation, we propose to designate`maverick' the set of S. cerevisiae genes that do not share homologues in phylogenetic groups other than the Ascomycetes. We show that a majority of the`maverick' genes have homologues among the other yeast species and de¢ne a set of 1892 genes that, from sequence comparisons, appear`Ascomycetes-speci¢c'. Therefore, in addition to the 3759 genes conserved in other phyla, the S. cerevisiae genome must contain 5651 actual genes.
Materials and methods

Databases
Comparisons of S. cerevisiae protein sequences were done against: (i) Unigene [13] (Mmuniq and Hsuniq containing, respectively, 96 349 and 91 244 entries); (ii) a non-redundant merged GenBank/EMBL database constructed at Institut Pasteur on November 30, 1999, and comprising 1 837 469 entries; (iii) our`¢ltered' SwissProt database de¢ned in [14] containing 58 365 entries and (iv) the genomes of Caenorhabditis elegans, Schizosaccharomyces pombe, the six completely sequenced archaeal species and 16 bacterial species as described in [14] , plus Deinococcus radiodurans [15] .
Comparison algorithms and selected limits of signi¢cance
All sequence comparisons were done using blastp (version 2) or tblastn (version 2) [16] and were performed using the script blastallgenomes (see [14] ), with the SEG ¢lter and the pam250 substitution matrix [17, 18] . Following a previous work using randomized sequences [19] , limits of signi¢cance for blast comparisons were found at 10 39 for Hsuniq and Mmuniq sequences, 10 35 for C. elegans, Bacillus subtilis, Borrelia burgdorferi, Mycobacterium tuberculosis, Methanococcus jannaschii and Pyrococcus abyssii, 10 33 for S. pombe, Treponema pallidum, Pyrococcus horikoshii, Rickettsia prowazeckii and D. radiodurans, 10 32 for Chlamydia trachomatis, Chlamydia pneumoniae and Aeropirum pernix, and 10 34 for all other genomes. All tblastn matches of S. cerevisiae sequences against Unigene and the non-redundant merged GenBank/EMBL database were individually inspected to eliminate the contaminations by S. cerevisiae sequences and by vectors containing S. cerevisiae sequences in numerous database entries (human, mouse, rat, C. elegans). Comparisons were validated or rejected on a case by case basis. Results of comparisons against the non-redundant GenBank/EMBL database and against our`¢ltered' SwissProt database were sorted according to whether the organism giving a match is an Ascomycete or not.
Homologies between S. cerevisiae gene products and our original random sequence tag (RST) sequences from the 13 other yeast species were taken from Table 1 of [12] .
Results and discussion
Establishing the list of`maverick' genes of S. cerevisiae
The set of 6213 protein sequences predicted from the S.
cerevisiae genome [20] was ¢rst compared with the collections of protein sequences predicted from other completely sequenced organisms in order to examine how the overall proportion of S. cerevisiae genes having homologues in other phylogenetic groups evolves when additional organisms are analyzed. Fig. 1A shows that, after comparison with C. elegans, 3583 genes of S. cerevisiae remain without homologues (58% of total, a proportion very similar to that published in [21] ). As expected, this number decreases when additional organisms are included in the comparisons because S. cerevisiae Table 1 of [14] , except for D. radiodurans (3117 proteins, [15] ). Note the absence of Ascomycetes or other fungi in these comparisons.
genes that failed to have homologues in C. elegans may have homologues in Archaea or Bacteria. But when all 24 organisms were compared, a total of 2743 S. cerevisiae genes (44% of total) still remained without homologue in any other organisms. Depending on the order of comparisons, some species contribute more than others in providing novel homologues. For example, in the order of comparisons used in Fig. 1A , P. horikoshii contributes 107 novel homologues while Archaeoglobus fulgidus, although of comparable genome size, contributes only 39. Similarly, M. tuberculosis, although one of the largest bacterial genomes, contributes only four novel gene homologues compared to 61 or 62 for C. trachomatis or C. pneumoniae of much smaller genome sizes.
As the shape of such cumulative curves must vary according to the order of the comparisons, we have repeated the calculation starting with the Bacteria, then the Archaea, and placing C. elegans at the last position (Fig. 1B) . When all 23 prokaryotic species were compared, there remained 3670 genes of S. cerevisiae without homologues. Of these, only 927 show homology when C. elegans is now included in the comparisons (compared to 2630, above). Thus, the two curves point out that, when more and more genomes are added for sequential comparisons with a given organism, less and less new genes ¢nd homologues. Finally, we obtained a total of 3470 genes of S. cerevisiae having at least one homologue in prokaryotic organisms or C. elegans. This de¢nes our`common' gene set. The remaining 2743 genes de¢ne our initial maverick' gene set.
The S. cerevisiae genes were then systematically compared with human, mouse and rat sequences retrieved from Unigene [13] , as well with our`¢ltered SwissProt' sequence collection [14] . Fig. 2 shows that the collection of 91 244 human gene sequences provides homologues to only 92 genes from the`m averick' set (3.3% of the set) compared to 2069 genes from the`common' set (59.6% of the set). Similarly, the collection of 96 349 rodent gene sequences gives homologues to only 73 of the`maverick' genes (2.7%), compared to 1890 genes of the`common' set (54.5%). Note that when the human and rodent sequences are taken together, they provide homologues to only 110`maverick' genes, indicating that the two collections largely overlap despite the fact that they do not represent complete genome sequences. Thus, the vast majority of genes that are conserved between S. cerevisiae and human, mouse or rat belong to the class of genes also conserved in other organisms (prokaryotes or C. elegans). Addition of a large number of mammalian genes has not signi¢cantly reduced the number of`maverick' S. cerevisiae genes. Similarly, when SwissProt was used for comparison, homologues were found to only 211 genes of the`maverick' set (7.7%) compared to 2450 genes of the`common' set (70.6%). Interestingly, a majority of the homologues to the`maverick' set are provided by sequences from fungal species present in SwissProt. If one ignores those, only 92 genes of the`maverick' set have homologues in SwissProt.
Taking into account the above three series of comparisons, there remained 2421 S. cerevisiae genes in our`maverick' set, a relative decrease of only 11.7% compared to the previous ¢gure (or 8.3% if one ignores the contribution of the Ascomycetes present in SwissProt). This already suggested to us that addition of novel organisms for comparisons should not signi¢cantly reduce the number of`maverick' genes in S. cerevisiae as long as the novel organisms are not Ascomycetes. In more general terms, the set of genes conserved across major phylogenetic limits has essentially been described with the few organisms sequenced today, while the sets of`phylum-speci¢c' genes largely remain to be explored. , fsp: our`¢ltered SwissProt' database (58 365 entries, see [14] ), or Sp: the partial S. pombe sequence (3955 proteins). Striped bars indicate homology to Ascomycetes only, ¢lled bars indicate homology to other organisms. B: Vertical bars represent the number of S. cerevisiae ORF products that have homologues when compared to our non-redundant merged GenBank/EMBL (G/E 1 837 469 entries). Note that the tblastn comparisons were done only for the 1919 ORFs that remained without homologues after the previous comparisons. Striped bars indicate homology to Ascomycetes only, ¢lled bars indicate homology to other organisms. C: Classi¢cation of the S. cerevisiae ORF products resulting from all previous comparisons. The`common' set contains 3759 ORFs, the`maverick' set contains the remaining 2454 ORFs. ORFs of the`maverick' set can be subdivided into those having homologues in Ascomycetes (subclass 2: 728 ORFs) and those having no homologue (subclass 3: 1726 ORFs). Note that among subclass 3 exist 313 ORFs regarded as`questionable' ones, but the limit between actual and questionable ORFs is imprecise (color gradients).
We then compared S. cerevisiae with S. pombe. Although only a partial set of 3955 S. pombe sequences were available when this work was done (see [14] ), this comparison was interesting in that it was the ¢rst yeast species included. A total of 3644 S. cerevisiae genes have homologues in the subset of S. pombe genes used (Fig. 2) but, interestingly, 742 of them now fall in the`maverick' set (20% of the total, compared to less than 4% for the mammalian sequences), despite the very remote phylogenetic relationship between the two yeast species. This suggested to us that at least a certain fraction of thè maverick' genes of S. cerevisiae may be`yeast-speci¢c'.
Before examining this hypothesis, we wanted to ensure that homologues to our`maverick' set were not missed. The remaining 1919 S. cerevisiae genes without signi¢cant homologues after all above comparisons were, therefore, compared against the non-redundant GenBank/EMBL database using tblastn (results were ¢ltered from contaminating S. cerevisiae sequences in such database entries, see Section 2). A total of 226 genes were found to have homologues previously overlooked. However, 132 of them show homologues only in yeast or other fungal species. The remaining 94 genes have homologues in other eukaryotic phyla (more than 90% of the cases) or in Bacteria or Archaea (Fig. 2B) .
Combining all previous results, we ended up with a classi¢cation of the S. cerevisiae genes containing 3759 genes in thè common' set, i.e. with homologues in organisms other than Ascomycetes, and 2454`maverick' genes (Fig. 2C) . The`maverick' set contains 728 genes known to have homologues in Ascomycetes before this sequencing program started (mostly S. pombe sequences, but also a variety of piecemeal sequences from the di¡erent ascomycetous subclasses) and 1726 genes without homologue. Note that this last category contains 313 genes labelled as`questionable' in yeast databases based on their size, composition, or the fact that they largely overlap other genes (291 cases).
3.2. The nature of the`maverick' genes and the total number of actual genes in S. cerevisiae Given the previous classi¢cation of S. cerevisiae ORFs, it was interesting to examine their homologues after comparison with the RSTs from the 13 di¡erent yeast species of this program [22^34]. Results are detailed for every gene and for each yeast species in Table 1 of [12] . A numerical analysis of these results is given by Table 1 where it can be seen that, when all 13 yeast species are considered together, homologues are found to 3680 S. cerevisiae genes of the`common' set (97.9% of total) and to 1712 genes of the`maverick' set (69.8% of total). This global result is interesting for three reasons. First, it shows that a majority of the`maverick' genes have homologues in other yeast species whereas they had no clearcut homologues in other groups of organisms. Second, it shows that the fraction of`maverick' genes with homologues in other yeasts is signi¢cantly lower than the fraction of`common' genes in the same situation. Third, it suggests that the genome of S. cerevisiae contains a minimum of 5471 actual protein-coding genes (3759+1712) that are now individually identi¢ed from sequence conservation.
But the last two points need a more detailed numerical analysis due to the presence of an unknown number of questionable ORFs among the`maverick' set. If one now examines separately (Table 1 , right part) the two previously de¢ned subclasses of the`maverick' set, it appears that a large number (1017) of the genes having homologues in the other yeast species originate from the previous subclass 3 (note that 91 of them were previously regarded as`questionable' in databases, illustrating our previous di¤culty to decide between actual genes and spurious ORFs). Yet, the proportion of such genes in subclass 3 (58.9%) is much lower than that in subclass 2 (95.5%, a ¢gure which is very close to that observed for the`common' set) consistent with subclass 3 containing only a subset of actual genes. If one assumes that the propor- The left part of the table indicates, for each yeast species against which sequence comparisons were made (see [22^34] ), the total number of the 6213 predicted S. cerevisiae ORFs that have at least one validated homologue (o or oo). Data compiled from Table 1 of [12] .`Image' indicates the % of the total S. cerevisiae ORFs having homologues in the sequenced set of RSTs (note that some yeast species were sequenced at ca. 0.4U genome coverage (bold lines) compared to only 0.2U coverage for others, see [12] ). The last line (altogether) indicates the same calculations when data from all 13 species are considered together. The central and right parts of the table give the break up of the same data according to the previous classi¢cation of the S. cerevisiae ORFs (see Section 3.1 and Fig. 2) . Note that the`image' of S. cerevisiae is larger for ORFs of the`common' set compared to ORFs of the`maverick' set, and also di¡ers between the subclasses of the`maverick' set due to the presence of questionable ORFs among them.
tion of actual genes having homologues in other yeast species should be the same in the two subclasses of`maverick' genes, then the number of actual genes in the subclass 3 should be 1065 only. By di¡erence, the total number of questionable ORFs is 661, and the total number of actual protein-coding genes in S. cerevisiae should be 5552. Beyond simple statistics, the most interesting aspect of this project is that it allows us to identify which of the S. cerevisiae ORFs are conserved or not conserved in other yeast species and in which species conservation is found. Such data can be found in Table 1 of [12] which, for each S. cerevisiae ORF, gives the list of other yeast species in which homologues were found and the degree of sequence divergence between the gene products. This table, however, has to be interpreted with caution because an absence of homologue in one yeast species may simply result from the fact that our sequencing coverage is limited to 0.2^0.4 genome equivalents. The statistical distribution of the number of yeast species providing homologues to each of the predicted S. cerevisiae ORFs was, therefore, analyzed (Fig. 3) . When the entire set of predicted ORFs are considered (Fig. 1A) , an average of 3.8 species give homologues to each S. cerevisiae ORF, with a distribution ranging from 0 to 12 species. It is clear, however, that the distribution is not random. Compared to a Poisson distribution, we observe a large excess of ORFs that have no homologue (821 found, 139 expected) and of ORFs with homologues in numerous species (seven and above) with a corresponding de¢cit of ORFs having homologues in numbers of species close to the mean. The origin of the non-randomness becomes explicit when the`common' set and the`maverick' set are considered separately (Fig. 3B) . While the distribution for the`common' set nearly follows a Poisson law with yet a slight excess of the zero class (79 found for 31 predicted), the distribution for thè maverick' set is highly biased with 742 found in the zero class compared to 272 expected, pointing out the burden of the questionable ORFs within this set. The same conclusion is reached when one considers separately the distributions for the two subclasses of the`maverick' set de¢ned in Fig. 2 . ORFs known to have homologues in Ascomycetes prior to the present sequencing program (subclass 2) show a nearly random distribution while ORFs without homologues prior to this program show a biased distribution. The Poisson curve is itself biased by the excessive weight of the zero class due to the presence of a signi¢cant proportion of questionable ORFs that reduces the mean to 1.2 compared to 3.8 for the subclass 2. If one uses a mean of 3.8 as in subclass 2, only 38 ORFs should fall in the zero class, compared to the 709 found. From this calculation, we estimate that subclass 3 contains 671 questionable ORFs and 1055 actual protein-coding genes (of which 1017 are identi¢ed by homology). Thus, the total number of actual protein-coding genes in S. cerevisiae should be 5542, a ¢gure very close to the above estimate of 5552 (mean value is 5547). The problem is to identify the remaining real genes not found in other species for statistical reasons from the spurious ORFs and from the real genes that may be speci¢c to S. cerevisiae. Of the 709 genes without homologue in Fig. 3 . Classi¢cation of the S. cerevisiae ORFs according to the total number of yeast species in which homologue(s) were found. A: Distribution for the entire set of predicted ORFs (6213) plus the novel ORFs discovered from this program (see [20] ). Note that the latter have homologues in 1^4 species. Vertical bars represent the number of ORFs having homologues in a given number of yeast species (abscissa). Data computed from Table 1 of [12] and including all validated homologies (`o' and`oo'). Average number of yeast species in which homologue(s) were found is 3. any of our other yeast species, 92 are functionally characterized in S. cerevisiae. This ¢gure is in good agreement with the number of genes found in the other yeast species that are absent from S. cerevisiae. Thus the total number of S. cerevisiae genes should be increased by at least 54 (92338).
In conclusion, after this large comparative sequencing program of 13 other yeast species [22^34] and considering the 50 novel genes identi¢ed in this work (see [20] ), the genome of S. cerevisiae appears to contain 5651 active genes of which ca. 32% have homologues only in other Ascomycetes or, for most of them so far, only in other Hemiascomycetes.
The total number of protein-coding genes in S. cerevisiae deduced here is much higher than that predicted by Kowalczuk and collaborators (4800) based on theoretical calculations [10] but is extremely similar to that predicted by Zhang and Wang (5645) based on other theoretical calculations [35] . In contrast to these authors, our estimate is based on experimental data. Yet, it may also be subject to discussion because the mere conservation of a sequence in an other yeast species does not, in itself, prove the presence of an active gene. We have, therefore, examined the distribution of the S. cerevisiae homologues in the di¡erent other yeast species. The rationale is that conservation in several species, especially the most distant ones, is a better argument for an active gene than conservation in a single species, especially the less distant one, Saccharomyces bayanus var. uvarum. For 175 of the 384`maverick' ORFs having only one homologue, that homologue is in S. bayanus var. uvarum, compared to only 29, 34, 22, two and nine for Z. rouxii, Kluyveromyces lactis, P. angusta, P. sorbitophila and Yarrowia lipolytica, the other species sequenced at ca. 0.4 genome equivalents. A similar trend, though less pronounced, is observed for the`maverick' ORFs having two or even three homologues. This di¡erence is easily interpretable in classical terms by the increasing phylogenetic divergence of the other species with respect to S. cerevisiae. But it remains conceivable that some of the homologies found do not correspond to active genes. This phenomenon, however, must be limited to only a small fraction of the genes that we have considered here as`Ascomycetes-speci¢c'. Even if we considered as dubious all homologues found only in S. bayanus var. uvarum (175), or those found only in S. bayanus var. uvarum plus S. exiguus (16), or even those found only in the previous two species plus S. servazzi (1), then the total number of actual ORFs in S. cerevisiae could not be less than 5459. Even if we considered as dubious in addition all homologues found in S. bayanus var. uvarum plus any one of the 16 other species (129), or in S. bayanus var. uvarum plus any two other species (155), then the total number of actual ORFs in S. cerevisiae could not be less than 5175. Such hypotheses become extremely di¤cult to defend, unless one argues that sequence conservation is basically meaningless in terms of active function.
3.3.`Ascomycetes-speci¢c' genes
Results of Table 1 of [12] need to be analyzed in more detail because the presence of homologues to S. cerevisiae genes in each of the 13 other yeast species studied should also depend upon its phylogenetic distance to S. cerevisiae. Table 1 illustrates the phenomenon. Of the six yeast species sequenced at ca. 0.4U genome coverage, S. bayanus var. uvarum shows homologues to 46% of the S. cerevisiae ORFs, while Z. rouxii, K. lactis and P. angusta show homologues to ca. 40% of them, and the two most distantly related species, P. sorbitophila and Y. lipolytica, to only 26% and 20%, respectively. A similar e¡ect is observed for the seven yeast species sequenced at ca. 0.2U genome coverage with S. exiguus, S. servazzi, S. kluyveri, K. thermotolerans and Kluyveromyces marxianus var. marxianus showing homologues to ca. 25% of the S. cerevisiae ORFs, and the two more distantly related species, Debaryomyces hansenii and Candida tropicalis, to only 21% and 18%, respectively.
All above ¢gures are relative to the total number of predicted S. cerevisiae ORFs. If one now considers separately thè common' set and the`maverick' set, clearcut di¡erences emerge. They are due, for one part, to the artefactual presence Fig. 4 . Ascomycetes-speci¢c genes in the S. cerevisiae genome. A: The ¢gure represents, for each yeast species, the proportion of S. cerevisiae genes of the`common' set (total 3759) and of the`Ascomycetes-speci¢c' set (total 1892) that have homologues. The cladogram is taken from [12] . Species sequenced at 0.4U genome equivalents are in red, those sequenced at 0.2U genome equivalents are in blue. B: For each yeast species is plotted the ratio of the above proportions (`Ascomycetes-speci¢c'/`common', ordinate) as a function of sequence divergence from S. cerevisiae (mean amino acid identity, abscissa).
of over 600 questionable ORFs in the`maverick' set and, for the other part, to the actual sequence divergence within the Hemiascomycetes realm. We are now in a position to estimate the latter. Assuming, as before, that the proportion of genes having homologues in the subclass 3 of the`maverick' set should be the same as that in its subclass 2, it becomes clear that the proportion of`Ascomycetes-speci¢c' genes of S. cerevisiae having homologues in the other yeast species decreases when the phylogenetic distance of that species to S. cerevisiae increases. This is not surprising in itself but the To facilitate comparisons between species, data were normalized to the total number of alignments for each species and expressed in % (gray scale). The proportion (in %) of`Ascomycetes-speci¢c' genes within each class of the histogram is indicated by the curve. Classes containing less than 10 genes were ignored. Data computed from Table 1 of [12] . To help comparisons between species, the mean, modal and median values (in %) and the standard deviations (S.D.) are given in the insert. Data were computed separately for the`common' genes and for the`Ascomycetes-speci¢c' genes.
interesting observation is that the relationship with the phylogenetic distance is more accentuated for the`Ascomycetesspeci¢c' genes than for the genes of the`common' set (Fig. 4) . In other words,`Ascomycetes-speci¢c' genes represent a class of genes that tend to be more sensitive to evolutionary divergence than the average. Species variations are, however, observed. K. thermotolerans, for example, shows a higher than average proportion of homologues to the`Ascomycetes-speci¢c' genes while the opposite is true for P. sorbitophila.
Sequence divergence in the`Ascomycetes-speci¢c' genes
To try to quantify this trend, we have examined the percent of amino acid identities in the sequence alignments between the S. cerevisiae gene products and their homologues in the other yeast species (Fig. 5) . Despite the fact that such ¢gures may be an imperfect representation of the actual divergence between two given genes (because some alignments concern gene fragments, not complete gene sequences, and because some segments may diverge more than others), their distribution gives a precise estimate of the degree of divergence between the species because the number of genes studied is large enough (ca. 20 000 genes in total from the 13 species). As expected, the distributions are broad (from ca. 20% to 100% identities, with standard deviations of 11^16%), indicating that some genes are more conserved than others. Yet, the distributions di¡er for the di¡erent yeast species. The mean values vary from ca. 79% for S. bayanus var. uvarum to ca. 47% for the more distant species D. hansenii var. hansenii, C. tropicalis and Y. lipolytica, with a number of intermediate species showing ¢gures around 55^60%. The distributions of amino acid identities are, therefore, in general agreement with the phylogenetic distances between S. cerevisiae and the other yeasts based on rDNA sequences (see [12] ). Note, however, that the closest yeast species studied, S. bayanus var. uvarum, show an average of ca. 21% amino acid divergence with S. cerevisiae, indicating that the two species are more distant than generally believed. Fig. 5 also shows that the proportion of`Ascomycetes-speci¢c' genes is not equal in the various classes of identities. This phenomenon is remarkably constant for all species studied, declining from ca. 40^60% in the gene classes of low sequence conservation to less than 10% in the gene classes of high sequence conservation. Thus`Ascomycetes-speci¢c' genes are, on average, less conserved than other genes. This is quantitatively illustrated when one compares the classical parameters of the distributions of the`Ascomycetes-speci¢c' genes to those of the`common' set of genes (Fig. 5, insert) . A similar conclusion is reached if one considers the codon bias index which is signi¢cantly less pronounced for the`Ascomycetesspeci¢c' genes than for the other genes (data not shown).
The tendency for rapid sequence divergence may explain the existence of some`Ascomycetes-speci¢c' genes simply by the fact that the sequences of their homologues in other phylogenetic groups fall below our selected threshold to validate the sequence alignments as signi¢cant of homology. Speci¢c examples have been recognized in our set of`Ascomycetes-speci¢c' genes that correspond to this situation. For example, a few S. cerevisiae genes encoding known mitoribosomal proteins or known transcription factors appear as`Ascomycetesspeci¢c' in our classi¢cation although it is clear that equivalent functions must exist in other phyla. But despite the fact that our homology criteria have been rather conservative, we do not believe that this situation a¡ects a large number of cases because there exists a number of`Ascomycetes-speci¢c' genes which are highly conserved within our di¡erent yeast species (over 50% amino acid identities) but are not present elsewhere. Similarly, some genes present in some yeast species are absent in others.
Functions of the`Ascomycetes-speci¢c' genes
The most interesting question is thus to determine to which extent the`Ascomycetes-speci¢c' genes may represent speci¢c functional categories for yeasts, or perhaps fungi in general, that would not have equivalents in other phyla. This problem is examined in details in [36] using the available functional classi¢cation of the S. cerevisiae genes. If one only considers the functional categories containing at least 15 genes (for statistical signi¢cance) and that are either over-or under-represented at least two times in the`Ascomycetes-speci¢c' genes, a few interesting cases emerge. For example,`Ascomycetes-speci¢c' genes are over-represented among the genes involved in cell wall biosynthesis, a situation that can easily be interpreted because the cell wall is a characteristic feature of fungi, distinct in composition from the cellulosic wall of plant cells. It plays an essential role in protecting the yeast cells from osmotic variations of rapidly changing environment in natural conditions and is also a major morphogenetic component in- vertical bars represent the total number of ORFs predicted from the S. cerevisiae genome sequence (left) and the corresponding number of them which are functionally characterized (right). The total set is subdivided (as in Fig. 2 ) from sequence comparisons done prior to this work. The % of functionally characterized genes within each subclass is indicated on the right. Only ORFs with gene names are considered here as functionally characterized. Assigned functions based solely on sequence similarities are not taken into account. The question marks symbolize the fraction of each subclass that remains to be functionally characterized. Right panel: vertical bars represent the total number of protein-coding genes of S. cerevisiae as deduced from the sequence comparisons with the 13 other Hemiascomycetous species done in this work (left) and the corresponding number of them which are functionally characterized (right). The % of functionally characterized genes within each subclass is indicated on the right. volved in budding, mating or ¢lamentation. In the pathogenic yeast Candida albicans, the cell wall contains receptors to the laminin or the ¢bronectin of the host [37, 38] o¡ering a target of choice for antifungal research.
Another interesting case is the over-representation of`Ascomycetes-speci¢c' genes in the functional category involved in pheromone response, a key element for speciation because it is an essential step before mating. The absence of homologues to YDR461w and YNL145w (MFA1 and MFA2) in the 13 other yeast species is striking, particularly in view of the fact that homologues to YPL187w and YGL089c (MFK1 and MFK2) were found in many species (S. bayanus 74% of identity, S. exiguus 58% of identity, Z. rouxii 65% of identity, K. lactis 48% of identity and Y. lipolytica 38% of identity) and that the receptor of the pheromone a is found in K. thermotolerans, K. lactis and P. sorbitophila. Diversity of the pheromone response pathway must play a role in limiting interspeci¢c mating.
It is also interesting to note the over-representation of`Ascomycetes-speci¢c' genes in four functional categories classi¢ed as involved in the regulation of lipid, fatty acid and sterol biosynthesis, the regulation of amino acid metabolism, the regulation of nitrogen and sulphur utilization, and the regulation of carbohydrate utilization. Interestingly, most of thè Ascomycetes-speci¢c' genes of these categories are transcription factors which tend to be poorly conserved. A rapid evolution of transcription factors may induce considerable changes in the cell physiology and di¡erentiate between the yeast species.
Other interesting examples are discussed in [36] .
Concluding remarks
The extensive sequence comparisons permitted by this sequencing program on a homogeneous collection of yeasts have considerably improved our interpretation of the S. cerevisiae genome itself. Not only the total number of actual genes is now more precisely de¢ned but nearly all of the S. cerevisiae protein-coding sequences can now be associated with a number of homologues from other yeast species of various evolutionary distances. As can be seen on Fig. 6 , nearly half of thè Ascomycetes-speci¢c' genes remain to be functionally characterized. Conservation or divergence of their sequences in other yeast species may o¡er interesting clues for future functional studies.
